AUTHORS' SYNOPSIS Mercury embolization of the circumflex coronary artery in the dog was reexamined as a model of cardiogenic shock. The cardiodynamic changes that accompany embolization were studied, and the resulting histopathology has been described. Forty dogs were studied. Injection of mercury into the coronary circulation was followed by marked haemodynamic deterioration in most animals. However, only five dogs developed cardiogenic shock, even though this state was loosely defined as a mean arterial pressure of 70 mm Hg or less and a cardiac output less than 50% of control, and even when the circumflex and anterior descending arteries were both embolized. Microscopic examination of the infarcted tissue revealed a combination of ischaemic and inflammatory reaction. We conclude that embolization of the coronary arteries with mercury consistently results in haemodynamic deterioration, but rarely cardiogenic shock. In addition, a major feature of the histopathology is reaction to the local toxic effects of mercury ; myocardial ischaemia alone cannot account for all the findings.
The continued high mortality of cardiogenic shock, our fragmentary understanding of its pathogenesis, and the lack of a satisfactory way to treat it are interrelated challenges to investigators concerned with management of patients with acute myocardial infarction. Our understanding of the pathophysiology of cardiogenic shock might be enhanced if a suitable experimental model for this condition were available for study. Such a model would also provide a test system in which the efficacy of various therapies for cardiogenic shock could be examined under rigidly controlled conditions. Mercury embolization of the circumflex coron-ary artery of the dog has been proposed as such a model (Lluch, Moguilevsky, Pietra, Shaffer, Hirsch, and Fishman, 1969) .
In the present study, we re-examine this proposal, further describe the cardiodynamic changes that accompany this type of myocardial necrosis, and report the histopathology that accompanies this process.
Methods
Forty adult healthy mongrel dogs of both sexes, each weighing 15 to 25 kg were studied. They were anaesthetized with either pentobarbital (30 mg/kg) or sodium methohexital(15 mg/kg). Catheters were placed in a systemic artery (SA), and the pulmonary artery (PA) . A catheter was also passed retrograde from the carotid artery into the left ventricle (LV).
Pressures were recorded on a six-channel Sanborn direct writer (Model 350) using Statham strain gauge transducers (P23AA or P23Db). Zero reference point was mid-chest level. Cardiac output was measured by the indicator dilution technique, with injection of indocyanine green in the pulmonary artery and sampling at the SA.
At the beginning of each study, control pressures, cardiac output, and the electrocardiogram were recorded. The LV catheter was temporarily removed and a Sones catheter guided under fluoroscopic control into the left main coronary ostium and from there into the left circumflex coronary artery. Metallic mercury (0.2 ml.) was then injected and flushed through the catheter.
Circumflex injection was accomplished in 32 animals; in five of these a slight spill-over of mercury into the anterior descending coronary artery could be seen. In two dogs the circumflex artery could not be entered; in these animals 0.2 ml. mercury was injected only into the anterior descending coronary artery. Six animals had double embolizations; in two of these 0.1 ml. mercury was injected into the circumflex artery and 0.1 ml. into the anterior descending artery at the same sitting; in the other four animals, we injected 0.2 ml. mercury into the circumflex artery and, two weeks later, a 0.1 ml. injection was made into the anterior descending coronary artery.
T A B L E I

Details of dogs studied
Animal State Three dogs died of ventricular fibrillation, immediately after embolization, before they could be further studied. Of the remaining 37 dogs, 18 had been anaesthetized with the short-acting agent, methohexital, recovered from anaesthesia within a few hours and were studied awake or lightly sedated. Nineteen were kept lightly anaesthetized during the first 24-36 hr of study. Of the animals which did not succumb, the majority were studied for 24 to 48 hr and then killed. Seven dogs were studied over longer periods, of seven to 14 days. Fifteen dogs died during the period of study and 22 were killed The distribution of animals in these various study groups is presented in Table 1 .
Haemodynamic evaluation
Pulmonary artery (PA), systemic artery (SA), left ventricular (LV) pressures, and cardiac output were measured before embolization, within 15-30 min thereafter, and then at variable intervals until the animals died or were sacrificed.
Pathological examination
At the time the animals died or were killed, the hearts of 22 dogs were carefully examined both grossly and microscopically. Localization of injected mercury was confirmed and an estimate was made of the extent of muscle damage. Multiple blocks of tissue were processed for both frozen and paraffin sections. Frozen sections were stained for succinic and lactic dehydrogenase, and for lipids with oil red-0 (Thompson, 1966) . Paraffin sections were stained with haematoxylin and eosin and with the Gomori trichrome method for connective tissue (Thompson, 1966) .
Results
Electrocardiographic and haemodynamic responses to embolization
Elevation of the ST segment suggestive of acute myocardial injury was seen within 5 min of embolization in most animals. Runs of ventricular premature contractions and ventricular tachycardia were frequently seen. Typical electrocardiographic evolution of infarction was regularly observed.
The haemodynamic responses to embolization, organized according to study groups, are presented in Table 2 . There were no significant differences between animals studied awake and those kept lightly anaesthetized for the first 24-36 hr after embolization.
After embolization there was a marked drop of cardiac output in all but three animals. A significant improvement over 24-48 hr was noted in only five animals. The SA pressure fell in all except seven animals. In six of these seven, SA pressure increased slightly; the maximum increase was 12 mm Hg. Thus, the marked systemic hypertensive response seen in some patients with acute myocardial infarction was not observed in this study. There was a sharp drop in the stroke work index after infarction, and in most animals there was a further reduction over 24-
The left ventricular end-diastolic pressure (LVEDP) rose ( > 2 mm Hg) in 22 dogs immediately after infarction. In the remaining 15 dogs there was no significant immediate change, and in nine dogs the LVEDP remained normal throughout the period of study. The pulmonary artery diastolic pressure (PAD), which was measured in only 30 animals, rose in nine dogs immediately after embolization, but in 21 animals there was n o change observed. Figure 1 shows the relationship between PAD and the LVEDP, before and after embolization. In the control state -that is, when left ventricular function is normal -PAD is a relatively reliable reflection of LVEDP. After myocardial infarction the LVEDP in many instances is considerably higher than the corresponding PAD. 
T A B L E 2
Haemodynamic data In those animals where LV-pre 'a' diastolic infarcted heart, while pre-'a' pressure continued pressures, as well as LVEDP, could be accurately to parallel PAD. compared before and after infarction with PAD
The relationship between right atrial mean (Fig. 2) , disproportionate increases in end-pressure (RAm) and the LVEDP, shown in In some instances, one actually finds directionally opposite changes in LVEDP and RAm -that is, the LVEDP rises while the RAm falls. A summary of the haemodynamic data of dogs studied over a period of seven to 14 days is shown in Fig. 4 . When compared with the values recorded shortly after embolization, the pulmonary artery mean pressure decreased in four dogs, increased in three dogs, and was unchanged in one after a period of seven to 14 days. The LVEDP decreased in two dogs, increased in two and there was no significant change in four. The cardiac output increased in two, decreased in two animals, and did not show a significant change in four.
The serum enzyme changes observed in a random sample of animals in the series are shown in Table 3 . Marked increases of SGOT and CPK were noted. It is worthy of note that in some
F I G . 3 Relationship between the right atrial mean pressure and the left ventricular end-diastolic pressure in four dogs (C, D, E, F). The values before embolization are denoted by
The other values were recorded at diflerent times after coronary embolization. instances the SGOT and CPK were significantly increased within 3 hr after infarction. Pathology Patchy haemorrhagic necrosis was observed in all hearts studied, and the lesions were distributed along the course of the embolized vessels (Figs 5 and 6). Microscopic sections reveal metallic Hg globules within intramural arteries and arterioles with an extensive polymorphonuclear cell infiltrate within and around the involved vessels. There was extensive necrosis of the blood vessels and of a zone of myocardium surrounding the vessels. Histochemical stains showed loss of respiratory enzymes (succinic and lactic dehydrogenase) from the vascular smooth muscle and from the adjacent myocardial fibres. Moderate fatty degeneration of myofibres was present. The perivascular zone of myofibre necrosis also showed focal haemorrhage and congestion. The microscopic appearance of the lesion was that of a patchy inflammatory reaction to the mercury (Fig. 7) .
In order to to confirm that the observed tissue destruction was of a reactive inflammatory nature rather than an ischaemic one secondary to vascular occlusion, metallic Hg was injected directly into the left ventricular muscular wall and into skeletal muscle. The tissue changes seen here were similar to those which occurred after intra-arterial injection. The Hg globules in the tissue were surrounded by a zone of muscle necrosis and extensive polymorphonuclear infiltration (Fig. 8) . (1971) have produced experimental myocardial infarction in dogs by embolizing the coronary circulation with mercury. The method used in this series is similar to that described by Lluch and his associates. In addition, we performed double coronary embolization in some F I G . 5 Gross specimen of dog heart after left circumflex embolization. This view of lateral and posterior surface of left ventricle shows extensive apical and inferior, patchy damage resulting from the insult.
animals, and observations were made over longer periods (seven to 14 days) in several dogs.
The results obtained in this study differ from those of Lluch and his associates in several ways and, we believe, reflect the limitations of the technique as a useful model of cardiogenic shock.
Fifty-three percent of dogs studied in our series survived for 24 hr, and 30% for 48 hr. The corresponding figures for the study by Lluch and his associates were 32% and 12% respectively. Only five dogs (125%) in this series developed cardiogenic shock, even when this state was loosely defined as a mean arterial pressure of 70 mm Hg or less and a cardiac output of less than 50% of control. Eight dogs (32%) in Lluch's series fulfilled our criteria for cardiogenic shock. However, in only two instances in our series did dogs develop what seemed a true shock syndrome, with severe hypotension (SA mean pressure <60 mm Hg), oliguria, and apparent impairment of sensorium. While the latter is obviously difficult to judge, almost all of the dogs were up walking once the anaesthetic wore off, and by the morning after embolization they seemed perfectly alert, playful, and ready to eat and drink. We are, therefore, very reluctant to apply the term 'cardiogenic shock' to this model.
There is no obvious explanation for these differences between our experience and that of Lluch and his associates. Intrinsic differences in the animal population and in the level of anaesthesia and their haemodynamic status at the time of embolization might explain some of the discrepancies. The level of sedation after embolization and the extent to which body temperature was maintained in the inactive, sedated animals might also be variables contributing to differences between these two populations.
Since cardiogenic shock in man seems to occur when the heart has sustained multiple or massive infarctions (Page, Caulfield, Kastor, DeSanctis, and Sanders, 1971) , we attempted to evoke the syndrome by embolizing two coronary arteries in several of the dogs. When only a single vessel was embolized, 40-50% of the left ventricle was damaged and with this there was a considerable decrease in the cardiac output, systemic blood pressure, and stroke work index. Even though the six animals with two vessels embolized had 7040% of the left ventricle infarcted and showed marked haemodynamic deterioration, only one developed what might have been called cardiogenic shock by our criteria (dog U). This does not negate the observed association of cardiogenic shock and multiple or massive infarction in man. But it is further evidence that this model, in the dog, as one might have predicted from experience with multiple coronary ligation in this species, does not suitably reproduce the human condition.
The model does permit some interesting observations of left ventricular diastolic function after coronary embolization. As indicated earlier (Fig. l) , LVEDP increased after embolization out of proportion to mean LV filling pressure (reflected in PA diastolic pressure) and the LVEDP in many instances was considerably higher than the corresponding PAD. That this was due to a prominent 'a' kick in the LV trace is shown in Fig. 2 . There is a closer correlation between left ventricular diastolic pressure recorded before the 'a' wave (pre 'a' LVD) and PAD than that between LVEDP and PAD. Furthermore, in some cases, diminished stroke volumes enter the infarcted ventricle without an excessive elevation in LVEDP. This observation suggests that a true shift in the slope of the pressure-volume curve of the ventricle may have occurred. It seems unlikely that the results are due simply to operation of the infarcted ventricle at a higher point on the same, pre-infarction, pressure-volume curve or one of similar slope. We recognize that a true measure of compliance cannot be made without a knowledge of instantaneous pressure-volume changes; a detailed estimate of dv/dp before and after infarction would have been much more desirable. But from what data we have, the raised LVEDP after infarction seems due, at least in part, to diminished compliance of the left ventricle, thus supporting the suggestion of others that reduced ventricular compliance accompanies myocardial infarction (Hood, Bianco, Kumar, and Whiting, 1970; Diamond and Forrester, 1972) .
The present data also confirm the experience of others (Forrester, Diamond, McHugh, and Swan, 1971 ; Lumicao et al., 1971 ) that the right atrial pressure is an unreliable index of the LVEDP. The LVEDP can be markedly elevated, while the right atrial mean pressure stays within normal limits. Thus, the experience with this model supports the clinical observation that the central venous pressure should not be relied upon to reflect left ventricular end-diastolic pressure-for example, during correction of hypovolaemia in acute myocardial infarction.
Pathology
The findings at necropsy indicate that structural changes in the heart were not exclusively due to ischaemic damage secondary to coronary occlusion by mercury emboli. There are several points of evidence that the pathological changes are, at least in part, the result of a direct toxic effect of the mercury. These are: (1) the extensive blood vessel wall necrosis and marked polymorphonuclear reaction resembling abscess formation ; (2) the patchy distribution of the lesions along blood vessels which are occluded or thrombosed, but which contain globules of mercury; and (3) the similarity of the tissue reaction to that seen when mercury is injected directly intramuscularly. There is little doubt that the very earliest consequences of mercury embolization are due to myocardial ischaemia. Electrocardiographic evidence of muscle injury and marked haemodynamic deterioration occur before any inflammatory reaction develops. However, once the inflammatory reaction evolves, any ischaemic damage that may have occurred becomes obscured.
